At The National Aeronautics and Space Administration Glenn Research Center we have active tribology programs for aeronautics and space applications involving carbon based nano-particles. The conditions for application are considerably different for aeronautics and space applications ranging from high temperature atmospheric to ambient vacuum. Some of the lubricants and surface coatings of tribological significance that we have evaluated include neat carbon based nano-particles, both grown in situ and as bulk material deposited on the substrate, and dispersed in oils. These applications prove to be highly substrate dependent. The substrates we have considered for tribological couples include 440C stainless steel (SS), specialty alloys such as Inconel 718, quartz, silicon carbide and silicon nitride coupled to similar material, one of the other substrates listed or eutectic ceramics. In this presentation we will discuss results of our testing these systems in spiral orbit tribometers (SOT), in unidirectional pin-on-disc (PoD) tribometers and in pin-on-flat fretting tribometers.
INTRODUCTION
Key to the proper functioning of satellites, space vehicles and aircraft are the proper functioning of mechanical components. A large number of specialty oils and solid coatings have been developed for the operating conditions and unique environments of the individual components. Friction and wear are still a primary concern in a large number of current and future applications. Carbon based nano-particles have some unique properties which make them candidates for testing. They appear to be heat resistant, radiation hard and provide good lubricating ability with a number of tribocouples. These materials come in many forms. We have tested nanoonions, single walled nanotubes (SWNT), multi-walled nanotubes (MWNT), graphitized MWNT, cut SWNT and fluorinated SWNT under sliding and rolling conditions. These materials have been tested neat or dispersed in oils.
METHODS
The spiral orbit tribometer (SOT) is a rolling contact tribometer which mimics the motion of a ball bearing. Our SOTs operate at ambient temperatures and in air, inert gas or vacuum. Typically SS on SS is the tribocouple lubricated with materials for space bearings such as low volatility oils. In the applications presented we have deposited neat nano-materials directly onto the SS discs for evaluation or dispersed the bulk materials in oil and applied the mixture to the ball.
The pin-on-disc tribometer (PoD) unit employed uses identical atmospheres to the SOT but is capable of high temperature operation. The majority of this testing uses a quartz disc with sapphire or SS pins. In this paper we present data for Graphitized Multiwalled Nanotubes (GMWNT) deposited on discs of varying composition and on MWNT grown in situ by first depositing a thin metal catalyst layer and subsequently growing the MWNTs by chemical vapor deposition.
RESULTS AND DISCUSSION
Graphite is used as a solid lubricant due to its stability at moderately high temperatures. However, the temperature at which the graphite rapidly oxidizes is strongly influenced by surface area. With the size of particles typically employed in lubrication, a great amount of thermal stability is lost due to size reduction either during manufacturing or during lubrication of contacting parts. For this reason, we have undertaken a study of the lubricating ability of nano-structured graphitic particles.
For the lubrication of bearings, with solid particles introduced in a fluid lubricant, success depends on the size of 
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the particles, on their amount, and on the geometry of the contact. The introduction of small particles is beneficial in boundary lubrication where the film is not separating the surfaces in contact. The particles present in the lubricant have to be of small size to allow fluid circulation within the contact and to not "jam" it. The amount of particles is up to 10 % for graphite. Under severe conditions, these particles can produce a layer which helps to protect the surfaces. In the first example of our work with nano materials, we employed nano-onions (20 wt %) mixed with Krytox 143AB, a commercial space lubricant, as a test lubricant in the SOT in ambient and in vacuum. High resolution TEM images of the starting material, the nano-onions, and carbon black indicate a significant change in structure of the material upon graphitization. The annealing process allows ordering of the sheets and length extension of the flat crystalline regions resulting in considerable basal plane sites of low reactivity toward oxidation. The polygonal connection of basal planes eliminates edge sites to further reduce reactivity. The use of nano-onions did not improve the lifetime, nor did it change the friction coefficient of this PFPE oil run in vacuum. However, in air, a very low friction coefficient (0.04-0.05) was observed with a long lifetime approximately 10 X that of the base oil in air. Furthermore, the failure is more "progressive" compared to the one observed in vacuum [1] . We have also evaluated GMWNT under similar conditions. In one trial the GMWNT out performed the nanoonions in air by a factor of two.
Surface modification of carbon nanoparticles through fluorination is expected to significantly affect their friction properties. In this work, a direct fluorination of SWNT structures has been carried out to obtain a series of fluorinated nanotubes with variable C n F (n = 2-20) stoichiometries. The friction coefficients for fluorinated versions, as well as pristine and nanotubes chemically cut with fluorine, were found to reach values as low as 0.002-0.07, according to tests run in contact with a sapphire pin on quartz discs in ambient air on a PoD tribometer providing unidirectional sliding friction. The preliminary results demonstrate ultra-low friction and show a promise for applications of surface modified nanocarbons as solid lubricants, capable of outperforming graphite.
The relative order of friction coefficients can be understood on the basis of material composition. Fluorination can improve the lubricity of SWNT, but it introduces "defects" within the sidewalls which may result in premature degradation of the material and corresponding loss of lubrication. Upon degradation, reactive edge sites are created leading to binding between the lubricant and adjacent surfaces. Furthermore, sp 3 hybridization will reduce the flexibility, modulus and tensile strength of the SWNT. A lower degree of fluorination may provide a more resilient material, better able to resist buckling than a more highly fluorinated material. This stands in contrast to bulk materials and arises from the nano-size scale of these lubricants. A second consideration is that fluorination acts to separate tubes within bundles. While some separation may be desirable, individual SWNTs may not be useful because surface roughness exceeds their diameter allowing contact between surface asperities. Moreover, tubes within bundles permit the possibility of intertube sliding whereas individual SWNTs necessarily slide between adjacent tribological surfaces.
The wear lifetimes for fluorinated materials exhibited an inverse correlation with friction coefficient, lower friction coefficient correlated with longer lubrication durability (lifetime). Interestingly the C 20 F material had a lifetime a bit lower than the nascent SWNTs probably due to the fluorination introducing sp 3 hybridization defects within the walls. These sites disrupt the integrity of the aromatic framework and create sites where buckling or other degradation can occur. The modest amount of F in the C 20 F material results in its performance duration being somewhat less than the SWNT material. Increasing F content necessarily introduces larger amounts of wall disruption, hastening degradation and shortening lubricant lifetime.
While the F-cut materials nominally have the same composition as the C 5 F materials, their smaller length may aid lubrication. As they are produced by pyrolysis, the tube ends are expected to be closed by either bonding to adjacent carbon or the carbon atoms are terminated by -F or -H atoms. Notably these groups are more thermodynamically stable than oxygen containing functional groups. For the cut SWNTs, the cutting action has been shown to introduce significant amounts of oxygen containing functional groups at the tube ends, terminating the carbon valencies. Apart from their reactivity, these groups can readily oxidize the SWNT ends during friction testing, thereby degrading the lubricant. Moreover, upon oxidation, radical sites will be created that will cause stiction with adjacent surfaces, thereby accounting for the relatively high friction coefficient [2] .
A large number of other systems were tested on the SOT and unidirectional PoD. These include both the testing of different nano-materials as well as tribo-couples. If time permits we will also talk on the testing of similar systems with the bidirectional pin on disc unit and testing done at temperatures other than ambient.
